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The Navigation Campaign of the OSIRIS-REx mission consisted of three phases: Ap-
proach, Preliminary Survey and Orbital-A. These phases were designed to optimize the
initial characterization of Bennu’s mass, shape and spin-state to support a safe orbit inser-
tion and a quick transition to landmark-based optical navigation tracking. The standard
orbit determination filtering techniques used to navigate the spacecraft were unable to fit
data from these three phases simultaneously due to numerical issues associated with the
nonlinear dynamics and the long arc length. Consequently, a multi-arc filtering algorithm
was implemented in order to combine the information from each of these arcs. Multi-arc
solutions for Bennu’s spin state and gravity field are presented here.
1. Extended Abstract
1.1. Introduction
The Origins Spectral Interpretation Resource Identification Security Regolith Explorer (OSIRIS-REx) mis-
sion is America’s first asteroid sampler-return mission. Launched in September 2016, the OSIRIS-REx space-
craft obtained the first image of its target, asteroid 101955 Bennu (1999 RQ36), on August 17th, 2018.1 This
marked the start of the Approach phase, the first in three successive phases comprising OSRIS-REx’s Navi-
gation Campaign. These phases include Approach, Preliminary Survey and Orbital-A.2 The Approach phase
allowed for precise estimation of Bennu’s ephemeris and preliminary shape model construction. In addition,
several high-resolution rotation movies were taken which allowed the orbit determination (OD) team to pro-
duce an initial spin state estimate. Preliminary Survey consisted of five hyperbolic flybys each with a close
approach radius of about 7 km. Each flyby added additional information about Bennu’s mass and shape,
resulting in a GM estimate good to 1% that fed into the nominal Orbital-A design.3,4 Orbital-A placed the
spacecraft in a 2.1x1.5 km frozen orbit, which remained stable throughout its two month duration. During
this time the optical navigation (OpNav), OD and Altimetry Working Group (ALTWG) teams collaborated
to produce precise estimates of Bennu’s spin state and center-of-figure to center-of-mass offset, after which
time the OD team transitioned from using center-finding based OpNavs to landmark-based OpNavs.
Due to the highly nonlinear nature of the Preliminary Survey phase the standard filtering techniques
used to navigation the spacecraft were not able to fit all of the Navigation Campaign data simultaneously.
Multi-arc filtering is a process of combining solutions from several independent arcs to produce a single
estimate of the parameters common to each arc. The need for this technique was first employed by Kaula
on Earth observing satellites and has subsequently been used for the gravity field reconstructions of asteroid
Eros, Saturn and its moons, and many other bodies.5–8
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This paper will step through how multi-arc filtering was used to validate orbit determination performance
during the Navigation Campaign. First, focus will be given to the estimation of Bennu’s GM during the
Preliminary Survey phase prior to orbit insertion. The result will be compared to the estimate produced by
the entirety of Orbital-A. Next, information about the low degree and order (3x3) gravity field harmonics
will be characterized using all available data from the Approach, Preliminary Survey and Orbital-A phases.
Finally, landmark optical navigation data from the high-resolution rotation movies taken during Approach
will be combined with the two months of Orbital-A data to produce a spin state estimate that spans the full
duration of the Navigation Campaign.
Results for the GM estimate prior to orbit insertion can be seen in Figure 1 and Table 1.
Figure 1: Estimated GM during preliminary survey. The black and red lines denote the a priori estimate and
1σ respectively.9 Long arc filter solutions with their estimated 1σs are in blue and plotted at their respective
data cutoffs. Flyby arcs are shown in green and the multi-arc solution, which combines information from
each of the individual flyby arcs, is shown in red.
Table 1: Summary of GM estimates. Each flyby arc spans approximately 48 hours.
Arc Estimated Value Estimated Sigma
North Pole Flyby #1 4.914 0.019
North Pole Flyby #2 4.900 0.017
North Pole Flyby #3 4.842 0.020
Equatorial Flyby 4.847 0.030
South Pole Flyby 4.920 0.016
Preliminary Survey Multi-Arc 4.892 0.004
Preliminary Survey Long Arc 4.890 0.006
Orbit A Long Arc 4.8914 0.0003
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1.2. Multi-Arc Filtering
For completeness, the derivation of the multi-arc filter used in this work is included. This method is based
on the algorithm described in ESA’s NAPEOS (NAvigation Package for Earth Observation Satellites) Math-
ematical Models and Algorithms,10 however the algorithm has been re-derived starting from Equation 1.
Partition the Normal Equations:
The standard normal equations for arc i can be arranged such that the local arc parameters, a, and global
parameters, g, are partitioned into the form
[
N ia N
i
ag
N iag
T
N ig
][
∆xia
∆xig
]
=
[
Bia
Big
]
(1)
which expanded is
N ia · ∆xia + N iag · ∆xig = Bia (2)
N iag
T · ∆xia + N ig · ∆xig = Big (3)
The sub matrices in the above expression can be extracted directly from a batch least squares filter
N ia = P
i
0a
−1
+ Hia
T ·W i ·Hia
N ig = P
i
0g
−1
+ Hig
T ·W i ·Hig
N iag = H
i
a
T ·W i ·Hig
Bia = P
i
0a
−1 · ∆xi0a + Hia
T ·W i · ∆yi
Big = P
i
0g
−1 · ∆xi0g + Hig
T ·W i · ∆yi
where P0 are the a-priori covariances, H are the measurement mappings, W are the observation weightings,
∆y are the pre-fit residuals and ∆x0 are the a-priori deviations as computed from a converged solution
∆xi0a = x
i
a − xi0a
∆xi0g = x
i
g − xi0g
Solve for Global Parameters:
Pre-multiply Equation 2 by (−N iagT · N ia−1) and combine with Equation 3 to eliminate the local terms.
This yields
(N ig − N iag
T ·N ia
−1 ·N iag) · ∆xig = Big − N iag
T ·N ia
−1 ·Bia
which, for simplicity, can be written more compactly as
N i∗g · ∆xig = Bi∗g (4)
Equation 4 cannot be solved as written because xig is different for each arc. In order to solve for a single best
estimate assume that each arc would converge to the same estimate χg given one more iteration. Equation
4 can now be rewritten as
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N i∗g · (xˆg − χg + χg − xig) = Bi∗g
Rearranging and summing over each arc yields the common estimate of the global parameters, along with
the updated covariance
xˆg = χg +
(∑
N i∗g
)−1
·
∑(
Bi∗g + N
i∗
g (x
i
g − χg)
)
(5)
Pˆg =
(∑
N i∗g
)−1
(6)
a-priori uncertainty, Pχ, about χg can be included
xˆg = χg +
(
Pχ
−1 +
∑
N i∗g
)−1
·
∑(
Bi∗g + N
i∗
g (x
i
g − χg)
)
(7)
Pˆg =
(
Pχ
−1 +
∑
N i∗g
)−1
(8)
Note that the selection of suitable χg is somewhat arbitrary and P
−1
χ , the a priori information of χg, should
nominally be set to zero. It has been found that in most cases the final solution is insensitive to the selection
method for χg so long as each arc is converged and the state is fully observable.
Solve for Local Parameters:
Substitute the updated global solution back into Equation 1 and expand to get
N ia · ∆xia + N iag · ∆xˆig = Bia (9)
N iag
T · ∆xia + Nˆg · ∆xˆig = Bˆg (10)
where Nˆg = Pˆ
−1
g and Bˆg =
∑(
Bi∗g + N
i∗
g (x
i
g − χg)
)
. Similar to above, pre-multiply 10 by (−N iag · Nˆ−1g )
and combine with 9 to isolate the local parameters
(N ia − N iag · Pˆg ·N iag
T
) · (xˆia − xia) = Bia − N iag · Pˆg · Bˆg
which results in the multi-arc solution for the local parameters
xˆia = x
i
a + (N
i
a − N iag · Pˆg ·N iag
T
)−1 · (Bia − N iag · Pˆg · Bˆg) (11)
Pˆ ia = (N
i
a − N iag · Pˆg ·N iag
T
)−1 (12)
for each i. The multi-arc post-fit residuals for each arc can then be computed
∆yˆi = ∆yi − Hia · (xˆia − xia) −Hig · (xˆg − xig) (13)
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